Plasticity is a typical feature of development and can lead to divergent phenotypes. There is increasing evidence that epigenetic mechanisms, such as DNA methylation, are present across species, are modifiable by the environment, and are involved in developmental plasticity. Thus, in the context of the concept of developmental homology, epigenetic mechanisms may serve to create a process homology between species by providing a common molecular pathway through which environmental experiences shape development, ultimately leading to phenotypic diversity. This article will highlight evidence derived from acrossspecies investigations of epigenetics, development, and plasticity which may contribute to our understanding of the homology that exists between species and between ancestors and descendants. ß 2012 Wiley Periodicals, Inc. Dev Psychobiol 55: 33-41, 2013.
INTRODUCTION
Development is a dynamic process, involving an elegant interplay between genes and the environment. Within an organism, this interplay leads to increasing cellular complexity and differentiation in genetically homogeneous cells. Though development is certainly dependent on the ''presence'' of particular genes, the timing of gene activation and selective silencing of genes is equally critical. Thus through cascades of gene expression and recruitment of factors that regulate transcription, tissue specific phenotypes emerge.
Though there are many factors which can alter the transcriptional activity of genes during development, epigenetic mechanisms, defined as factors that alter gene expression without altering underlying gene sequence, may be particularly illustrative of the dynamic interplay between genes and the environment. Epigenetic modifications, such as changes in DNA methylation, are increasingly being explored within the context of developmental studies and may be a highly conserved mechanism for driving phenotype within individuals, across species, and even across taxa (Vasanthi & Mishra, 2008) . Moreover, there is increasing evidence that variation in the quality of early life experiences can induce epigenetic variation, thus serving as a mechanism of developmental plasticity.
Emerging evidence for the environmental regulation, stability and potential heritability of epigenetic variation across species raises intriguing questions regarding the role of epigenetics within discussions of developmental homology. Is epigenetic modulation a molecular strategy that confers a homology in the developmental process leading to plasticity in response to the quality of the environment? To illustrate the potential relevance of epigenetics and developmental plasticity to this question, here I will highlight recent advances in our understanding of the basic process of transcriptional regulation by epigenetic factors (with a focus on DNA methylation), evidence for the role of these factors in development across species, the role of epigenetic mechanisms in developmental plasticity, and the heritability of epigenetic effects (Skinner, 2011) .
Though there are many ways in which the concept of homology may be applied within the study of epigenetics and developmental plasticity, here I propose that epigenetic mechanisms can be conceptualized as a homology of process-a series of molecular changes involving protein-protein, protein-DNA, and enzymatic reactions that are a highly conserved biological strategy for allowing variation at the level of gene expression and ultimately in the phenotype of the organism in response to environmental experiences. From this perspective, it is the epigenetic mechanisms themselves (and the responsiveness of these mechanisms to environmental modulation) that are homologous across species and taxa. This conceptualization is similar to that proposed for cell signaling pathways involving specific protein-protein interactions that are likewise highly conserved across species and taxa and play a significant role in development (Gilbert & Bolker, 2001) . The heritability of epigenetic variation may also have implications for the concept of homology (i.e., as a potential mechanism through which similarities in the character of ancestors and descendants are generated), however at present the role of epigenetics in inheritance and evolution are topics of significant controversy (Haig, 2007; Richards, 2006) .
EPIGENETICS AND DEVELOPMENT
From a homogeneous cluster of progenitor cells, increasing cellular refinement and specialization is achieved through gene silencing-an outcome of epigenetic processes. Historically, the term ''epigenetic'' has been used to describe the dynamic interplay between genes and the environment which leads to variations in phenotype (Berger, Kouzarides, Shiekhattar, & Shilatifard, 2009; Holliday, 2006; Jablonka & Lamb, 2002) . However, more current applications of this term are in reference to the specific molecular mechanisms which can lead to both transient and stable changes in the expression of genes. Gene transcription is dependent on the accessibility of DNA to RNA polymerase and other gene-specific transcription factors. Within the cell nucleus, DNA is wrapped around a core of histone proteins which can undergo multiple post-translational modifications including methylation, acetylation, and ubiquitination (i.e., addition of a methyl or acetyl chemical or ubiquitin protein to the histone) (Peterson & Laniel, 2004; Y. Zhang & Reinberg, 2001) . These modifications alter the dynamic interactions between the histones and DNA which either reduce or enhance the accessibility of DNA. DNA methylation is an epigenetic modification through which cytosine nucleotides are converted to 5-methylcytosine. This conversion does not mutate the cytosine (the nucleotide can still form a complimentary base pair with guanine), however, this modification can lead to stable and enduring changes in gene activity. The process of DNA methylation is mediated by methyltransferases such as DNMT1 or DNMT3 (Feng, Fouse, & Fan, 2007; Razin, 1998; Turner, 2001) . The conversion of cytosines to 5-methylcytosine typically results in reduced transcriptional activity (see Fig. 1 ); though the location, degree of methylation, and recruitment of methyl binding proteins by methylated DNA will be important predictors of this effect (Jones et al., 1998) . During mitosis, patterns of DNA methylation are replicated at the time of DNA synthesis such that daughter cells inherit both FIGURE 1 DNA methylation and gene expression. When cytosines (vertical lines) in DNA (horizontal line) are not methylated there is increased accessibility to the gene promoter region, leading to increased gene expression. When DNA becomes methylated (black circles) through the enzymatic actions of the DNA methyltransferases (DNMT1 and DNMT3) gene expression is typically reduced or completely silenced. genetic and epigenetic information contained within the parental cell (Khavari, Sen, & Rinn, 2010; Wigler, Levy, & Perucho, 1981) . The heritability of DNA methylation patterns is thought to be critical for maintaining cell-type specific gene expression patterns and stabilizing the phenotype of differentiated cells. Disruption to the DNA methylation process, through gene deletion of DNA methyltransferase enzymes leads to embryonic lethality (Li, Bestor, & Jaenisch, 1992) , highlighting the importance of these epigenetic processes in development.
DNA METHYLATION AND DEVELOPMENT ACROSS SPECIES
Though many of the early mechanistic studies on DNA methylation were conducted within in vitro cell culture systems or in laboratory mice, the role of this mechanism in the development of a variety of species and taxa is becoming increasingly evident. In mice, there are very high levels of 5-methylcytosine within the genome and the post-fertilization period is characterized by global demethylation followed by post-implantation tissue-specific increases in 5-methylcytosine levels (Monk, Boubelik, & Lehnert, 1987) . In particular, DNA methylation within the male pronucleus undergoes dramatic post-fertilization decreases; an effect observed across many mammalian species including pig, rat, and human (Mayer, Niveleau, Walter, Fundele, & Haaf, 2000; . However, it is important to note that the dynamics of pronuclear methylation-demethylation are not completely conserved and, for example, paternal pronuclear demethylation may not occur in sheep or rabbits (Beaujean et al., 2004; Dean et al., 2001) . Similarly, in frogs (Xenopus), there are high levels of DNA methylation throughout the post-fertilization period and in early embryonic development without the wave of demethylation that occurs in human, rodent, and pig genomes (Veenstra & Wolffe, 2001) . Despite the lack of conservation of the temporal dynamics of the DNA methylation system, it is evident that this form of DNA modification is apparent across mammals (Gama-Sosa et al., 1983) , in plants (M. Zhang, Kimatu, Xu, & Liu, 2010) , and in insects (Wang et al., 2006) .
DNA METHYLATION AND DEVELOPMENTAL PLASTICITY
Though it is apparent that epigenetic modifications such as DNA methylation are present within most plants and animals, a critical question in the context of this Special Issue on Developmental Homology is whether epigenetic mechanisms can be conceptualized as an across-species homology in the process through which developmental plasticity is achieved. This question can be further divided into (1) Can DNA methylation patterns be modified during development? and (2) Do developmental modifications in DNA methylation patterns coincide with the emergence of diverse phenotypic outcomes? Both of these issues have been explored across a diverse array of species, providing support for the hypothesis that environmentally induced changes in epigenetic mechanisms such as DNA methylation are highly conserved across species and that phenotypic variation can be achieved as an outcome of these environmentally induced changes. Within the context of discussions of process homology, both of these issues may be relevant-though representative of the different levels of biological organization at which the homology can be conceptualized.
Can DNA Methylation Patterns Be Modified During Development?
Dynamic changes in DNA methylation have been observed across a number of species during early embryonic development. However, a key question here is whether DNA methylation patterns can be altered in response to environmental events. Interestingly, the early studies exploring the across-species conservation of post-fertilization DNA methylation patterns also established that these patterns could undergo modification in response to hormones and cellular cues. Superovulation is a technique used to stimulate increased oocyte production and involves treatment with gonadotrophins. These hormone treatments are routinely used when studying fertilization and early embryonic dynamics in the lab and are also a strategy used in assisted reproduction in humans. Comparison of embryonic DNA methylation patterns derived from superovulated versus non-superovulated females has indicated that superovulation may induce abnormal DNA methylation patterns (Shi & Haaf, 2002) . In vitro fertilization (IVF) was similarly found to induce changes in embryonic DNA methylation dependent on the type of culture medium used for the incubation of sperm and oocytes. Further study of these effects has indicated that DNA methylation patterns in imprinted genes-genes that are expressed or epigenetically silenced in a parent-of-origin specific pattern-are particularly vulnerable to the effects of superovulation/IVF and these abnormalities may account for reports of an increased incidence of imprinting disorders (such as Angelman and Prader-Willi syndrome) in individuals conceived through artificial reproductive technology (Lucifero, Chaillet, & Trasler, 2004) .
DNA methylation is clearly subject to environmentally induced change or disruption in response to hormonal and cellular events occurring in early embryogenesis. However, developmental plasticity continues beyond this period. Thus it is important to consider the plasticity of DNA methylation patterns during fetal and postnatal development. There is increasing evidence for this plasticity in response to toxicological, hormonal, nutritional, social, and broad ecological environmental exposures. For example, exposure to the endocrine disrupting chemical bisphenol-A (BPA) during the prenatal period can induce genome-wide changes in brain DNA methylation patterns in mice (Yaoi et al., 2008) , and has also been demonstrated to induce variation in DNA methylation in target genes within human cells (Weng et al., 2010) . The epigenetic effects of BPA can also be observed following postnatal exposure to this chemical in neonatal rats (Doshi, Mehta, Dighe, Balasinor, & Vanage, 2011) . Moreover, epigenetic plasticity continues into adulthood. For example, manipulation of testosterone levels in adult rats is associated with neural changes in DNA methylation within the vasopressin (AVP) and estrogen receptor a (ERa) genes (Auger, Coss, Auger, & Forbes-Lorman, 2011) . Exposure to adult social stress is associated with decreased methylation of the corticotrophin releasing factor (CRF) gene in the hypothalamic tissue of mice (Elliott, Ezra-Nevo, Regev, Neufeld-Cohen, & Chen, 2010) . Even the process of learning, a phenomenon that demonstrates life-long plasticity in the brain, appears to involve changes in DNA methylation (Levenson & Sweatt, 2005) . Thus, although there may certainly be sensitive periods during which plasticity in DNA methylation is heightened (such as during early embryogenesis and fetal development), this epigenetic mechanism appears responsive to environmental experiences occurring across the lifespan.
Do Developmental Modifications in DNA Methylation Patterns Coincide With the Emergence of Diverse Phenotypic Outcomes?
The capacity to induce dynamic changes in gene expression via epigenetic pathways and the role of these pathways in maintaining stable variations in cellular phenotype has led to increasing speculation that divergence in phenotype of the individual (e.g., neurodevelopment, disease risk, behavior) can likewise be achieved through mechanisms such as DNA methylation. In monozygotic twins, there is evidence for discordance in DNA methylation patterns and it would appear that this discordance increases over time (Fraga et al., 2005; Mill et al., 2006; Wong et al., 2010) . The critical question raised by these findings is whether these epigenetic modifications serve as a mechanism of developmental plasticity, thus allowing environmental experiences to drive the emergence of phenotypic diversity which is then stably maintained into adulthood. Across species, there is increasing evidence for the influence of early life nutrition, stress, and social experiences on development achieved through environmentally induced changes in DNA methylation. These studies provide support for the notions of epigenetic plasticity and epigenetic induced developmental plasticity.
Epigenetics and Nutrition. Prenatal and postnatal nutrition is a signal of environmental quality which can predict growth and survival. In human epidemiological studies, analysis of blood samples from famine exposed versus non-exposed siblings indicates that there is decreased DNA methylation of the insulin-like growth factor 2 (Igf2) gene as a consequence of maternal periconceptual exposure to famine (Heijmans et al., 2008) . This epigenetic effect may account for many of the metabolic abnormalities apparent as a function of severe caloric restriction during fetal development (Lumey, Stein, & Susser, 2011) . Laboratory studies in rodents have subsequently identified specific nutritional deficits, such as prenatal protein restriction or folic acid/choline deficiency as having similar epigenetic consequences. Offspring of female rats placed on a protein deficient diet throughout gestation were found to have elevated hepatic glucocorticoid receptor (GR) and peroxisomal proliferator-activated receptor (PPAR) gene expression associated with decreased DNA methylation of these genes (Lillycrop, Phillips, Jackson, Hanson, & Burdge, 2005; Lillycrop et al., 2008) . Epigenetic modifications in response to the nutritional environment during the early stages of development may also have implications for the morphological changes associated with caste phenotypes in eusocial insects. Honeybees have functional DNA methyltransferases and the degree of methylation of the genome varies during the course of development (Wang et al., 2006) . Amongst female honeybees, social/reproductive caste is determined through early nutritional exposure to royal jelly (with increased royal jelly promoting the development of queen bees and reduced royal jelly promoting the development of worker females-see Fig. 2 ). Manipulation of the activity of the DNA methyltransferase DNMT3 in the honeybee provides evidence that DNA methylation mediates these divergent phenotypes. Under control conditions, 75% of larvae develop as worker bees whereas inhibiting DNMT3 leads to the majority of larvae developing morphologically as queen bees (Kucharski, Maleszka, Foret, & Maleszka, 2008) . Taken together, these studies illustrate how epigenetic mechanisms serve a central and developmental role across species, leading to individual variation.
Epigenetics and Early Life Stress. The experience of adversity in early development can have a lasting impact on brain, physiology, and behavior. In humans, studies examining the effects of maternal distress FIGURE 2 Phenotypic outcomes associated with environmentally induced epigenetic variation across species. In honeybees (top panel), variation in the amount of royal jelly experienced in early development leads to changes in DNA methylation and phenotypic variation giving rise to caste differences. In humans (middle panel), maternal depression during pregnancy is associated with increased methylation of the glucocorticoid receptor (GR) gene in fetal cord blood leading to increased stress reactivity in infants born to depressed mothers. In rats (bottom panel), high maternal care experienced by female offspring in infancy leads to decreased DNA methylation within the estrogen receptor (ERa) gene, leading to increased ERa gene expression and elevated maternal behavior in adulthood.
Developmental Psychobiology
Epigenetics and Developmental Plasticity during pregnancy are increasingly incorporating an epigenetic perspective. Elevated GR methylation is found in fetal cord blood, associated with increased maternal depression during pregnancy, and this epigenetic modification predicts stress responsivity in infants at 3 months of age (Oberlander et al., 2008) (Fig. 2) . Among adolescents aged 10-19 years, those born to mothers who experienced intimate partner violence during pregnancy were found to have elevated levels of GR DNA methylation in blood (Radtke et al., 2011) . In rats, offspring born to females that undergo bystander stress during pregnancy (through co-housing with a stressed female) have global elevations in DNA methylation levels within the cortex and hippocampus (Mychasiuk et al., 2011) . Target gene analyses in male offspring born to female mice that underwent a chronic variable stress regime during pregnancy has revealed decreased DNA methylation of the CRF gene promoter and increased methylation of the GR gene promoter region in hypothalamic tissue. These molecular changes correspond to altered gene expression and increased stress responsivity in stress-exposed offspring.
During the postnatal period, sensitivity to stress and adversity, such as exposure to abuse, neglect, or maternal separation, can have a profound effect in infant development. In human postmortem brain tissue, a history of childhood abuse predicts elevated GR methylation and decreased hippocampal GR gene expression (McGowan et al., 2009 ). Among rhesus macaques, DNA methylation of the serotonin transporter (5-HTT) gene is increased in peripheral blood mononuclear cells following maternal (and social) separation (Kinnally et al., 2010) . This epigenetic change was found to be associated with a decrease in 5-HTT expression and behavioral hyper-reactivity in maternally deprived infants. In rat pups, exposure to aggressive/abusive encounters with a foster female can induce long-lasting increases in DNA methylation of the brain derived neurotrophic factor (BDNF) gene in the prefrontal cortex leading to decreased BDNF gene expression and thus increasing the emergence of depressive-like behavior in these offspring (Roth, Lubin, Funk, & Sweatt, 2009 ). Maternal separation studies in mice indicate effects on DNA methylation of the AVP gene in hypothalamic tissue corresponding to elevations in stress sensitivity (Murgatroyd et al., 2009) . Similar to the case of early life nutrition, epigenetic mechanisms appear to play a significant role in linking the experience of adversity during prenatal and postnatal development to long-term variation in offspring phenotype; particularly phenotypes related to stress responsivity.
Epigenetics and Social Experiences. In mammals, the quality of the early life environment is dependent on the pattern and frequency of mother-infant social interactions and there is evidence that variation in these interactions can have persistent epigenetic and neurobehavioral consequences. Postnatal maternal licking/ grooming (LG) behavior in rats has been found to induce long-term changes in neuroendocrine function and behavior of offspring, with consequences for stress responsivity and cognition, and cross-fostering studies have confirmed that these effects are mediated by the level of maternal care received during postnatal development (Meaney, 2001) . Analysis of the GR gene promoter region suggests that variations in GR expression associated with differential levels of maternal care are maintained though altered levels of DNA methylation (Weaver et al., 2004) . Thus, offspring who receive high levels of maternal LG during the early postnatal period have decreased hippocampal GR promoter DNA methylation, increased GR expression and decreased stress responsivity. In contrast, low levels of LG are associated with increased GR DNA methylation, decreased GR expression, and an increased hypothalamic-pituitaryadrenal response to stress. Time course analysis has indicated that these maternally induced epigenetic profiles emerge during the postnatal period and are sustained into adulthood. Maternal LG also induces increased methylation within the glutamic acid decarboxylase (GAD1) gene in male hippocampal tissue resulting in reduced GAD1 levels and consequences for g-aminobutyric acid (GABA) circuits and receptor subunit composition (Caldji, Diorio, & Meaney, 2003; T. Y. Zhang et al., 2010) . Amongst female offspring, the experience of low levels of LG is associated with increased DNA methylation of the ERa gene in the medial preoptic area of the hypothalamus and consequently these offspring display low levels of LG when caring for their own offspring (Champagne et al., 2006) (Fig. 2) . These maternally induced epigenetic effects in females may account for the transgenerational continuity in the effects of maternal behavior on neurobiological and behavioral outcomes (Champagne, 2008) .
EPIGENETICS AND INHERITANCE
The transmission of traits across generations can create a homology between the characteristics of descendants and their immediate or distant ancestors. Though traditionally this transmission has been the domain of genetics, there is increasing evidence for the role of epigenetic mechanisms in the inheritance of phenotypes (Daxinger & Whitelaw, 2010; Youngson & Whitelaw, 2008) . One route through which this may occur involves the experience-dependent modification of DNA methylation in genes which shape reproductive behavior. For example, variation in maternal LG behavior in rat dams can be sustained across generations through the epigenetic effects of maternal LG on neuroendocrine circuits which regulate LG behavior in offspring (Champagne, 2008) . Similarly, the experience of abusive caregiving can have transgenerational effects on DNA methylation of the BDNF gene in female offspring that may account for the emergence of abusive behavior in these offspring. In contrast to this experience-dependent pathway, it may also be possible to inherit environmentally induced epigenetic effects via the germline. For example, prenatal exposure to the fungicide vinclozolin induces variation in sperm DNA methylation patterns in male rats that persist for multiple generations following exposure with implications for brain gene expression and disease risk (Anway, Cupp, Uzumcu, & Skinner, 2005; Skinner, Anway, Savenkova, Gore, & Crews, 2008) . In mice, maternal separation during infancy has similarly been found to affect sperm DNA methylation and offspring phenotypes (Franklin et al., 2010) . This type of epigenetic inheritance may be relevant across taxa-being evident in plants (Hauser, Aufsatz, Jonak, & Luschnig, 2011) and mammals (Carone et al., 2010) , and may account for the persistence of environmentally induced phenotypic variation.
CONCLUSIONS
Though the investigation of the role of DNA methylation in developmental plasticity has thus far been limited to species in which the genome is well characterized and assays are available to conduct epigenetic analyses, it is evident that epigenetic control of gene expression is an across-species phenomenon. Moreover, the emerging evidence from species ranging from honeybees to humans suggests that environmentally induced changes in DNA methylation may serve as a mechanism mediating developmental plasticity leading to phenotypic variation. Considered within an evolutionary perspective, it appears likely that these mechanisms are a fundamental feature of the process of adaptation to the environment, leading to adaptive reproductive, behavioral, and metabolic strategies which promote survival. The ability to transmit these developmental effects across generations raises important issues regarding the mechanisms of heritability and the ancestral origins of phenotypic variation (Danchin et al., 2011) . Within discussions of developmental homology, evidence for the plasticity of DNA methylation across species may add to our understanding of the process homology that underlies the ability of individuals to adapt and change in response to early life experiences.
